The hormone fluctuations that an animal experiences during ovulation can have lifelong effects on developing offspring. These hormones may act as an adaptive mechanism, allowing offspring to be 'pre-programmed' to survive in an unstable environment. Here, we used a transgenerational approach to examine the effects of elevated maternal corticosterone (CORT) on the future reproductive success of female offspring. We show that female zebra finches (Taeniopygia guttata) exposed to embryonic CORT produce daughters that have equal reproductive success (clutch sizes, fertility, hatching success) compared with the daughters produced from untreated mothers, but their offspring had accelerated post-hatching growth rates and were significantly heavier by nutritional independence. Although there was no significant effect on primary offspring sex ratio, females from CORT-treated mothers produced significantly female-biased clutches by nutritional independence. To the best of our knowledge, this is the first record of a transgenerational sex ratio bias in response to elevated maternal CORT in any avian species.
Introduction
The environmental conditions a female experiences during ovulation can have consequences that extend beyond herself. For instance, in birds, glucocorticoids can be transferred from mother to offspring via the yolk [1, 2] ; this alters the prenatal environment, and has been shown to affect offspring characteristics. For example, exposure to stressors elevates corticosterone (CORT), and maternally derived CORT may reduce hatching success and nestling growth [1, 3] , or skew offspring sex ratios [2, 4] . Beyond post-hatching development, maternal effects can influence physiological pathways, which can alter an individual's response to the environment and affect overall fitness, such as increasing the responsiveness of the hypothalamic-pituitary-adrenal axis, resulting in exaggerated stress responses [1, 3] , or by influencing the age at sexual maturity and offspring fecundity [5] .
Interestingly, there is also evidence for maternal effect extending even further than the next generation. Mammalian studies have identified transgenerational transmission of maternal stress effects, where the stress that a first-generation animal experiences impacts the behavioural or morphological characteristics of the third generation [6] [7] [8] . However, as yet, the effect of maternal stress beyond the second generation is not widely known in birds and other vertebrates [9] .
Recently, we showed that experimentally increasing stress hormones during egg-laying reduced the hatching success and affected physical characteristics, namely size at hatching and growth rates, of the resulting offspring [10] . Here, we investigate the fitness of both the female offspring produced in that study at adulthood, and the fitness of their subsequent offspring (henceforth referred to as grand-offspring). By identifying the long-term effects of a relatively short endocrinological change, namely elevated maternal CORT, this research provides & 2016 The Author(s) Published by the Royal Society. All rights reserved.
potential insights into the developmental processes that drive phenotypic diversity in animal populations.
Method
This study investigates the reproductive success of the offspring from an earlier study, and the experimental protocol is described in depth there [10] . In brief, female zebra finches were given an oral bolus of 0.01 mg CORT three times per day during egglaying to determine the effect of physiologically relevant CORT elevations on reproductive success. Control birds remained untreated and unhandled during the study. The resulting daughters (30 control from 25 clutches, 16 experimental from 15 clutches) were used in this study. They were taken from our aviaries (8 m long Â 3 m wide Â 3.5 m high) once they were six months old, and moved into breeding cages (104 cm wide Â 43 cm deep Â 48 cm high) 10 days before experimentation began. Males from the La Trobe University colony that had not been part of any previous studies were introduced on the 10th day. Pairs were provided with ad libitum food, water, cuttlebone and shell grit, as described previously [10] .
Nests were checked daily, and eggs were numbered with pencil to establish laying order. If egg laying had not commenced within two weeks of introduction, the male was replaced. At hatching, nestlings were marked with coloured nail polish on their toenails until they were old enough to band. All unhatched eggs were opened once death or infertility was recognized by candling. Dead embryos and chicks were genetically sexed as described previously [10] , whereas surviving grand-offspring were sexed at maturity by their plumage.
(a) Reproductive performance, sex ratio and survivorship A t-test was used to examine the effect of grandmother's CORT treatment on clutch size. Reproductive performance was assessed by total hatching success, fertile hatching success and fertility (see [10] ), and Mann -Whitney U-tests were used to determine differences between control and treatment groups. Eggs were classified as either 'infertile', 'hatched' or 'embryonic death'. A generalized linear-mixed model (GLMM) was run using the glmmPQL function from the MASS package [11] in R (R v. 2.13.0; R Development Core Team 2011) to determine the effects of CORT administration on the sex ratio of the grand-offspring at each life stage ( primary, secondary and tertiary).
Primary refers to the sex ratio at laying, secondary at hatching and tertiary at nutritional independence (28 days). This model used a binomial error distribution, where the response represented the number of females as a proportion of the total number of individuals in a clutch, and the interaction between CORT treatment and the life stage was used as the predictor. Clutch identity was incorporated as a random effect.
A binomial generalized linear model (glmer function from the lme4 package [12] in R) was used to investigate survival from hatching to nutritional independence. Treatment, sex and clutch size were fitted as fixed effects within the model, with clutch identity as a random effect.
(b) Growth rate analysis
Head size, tarsus length and weight of grand-offspring were measured twice a week until nutritional independence. Treating morphological measurements separately, a linear-log regression model (Y ¼ a þ blogX þ 1) was calculated for each chick, fitting the dependent variable (Y ) against the log transform of days since hatching (X ). Size at hatching was estimated, using the coefficient for the intercept (a), whereas b was used as an estimate of growth rate. In linear-log models of this kind, b represents the expected change in Y when X is multiple by e (or when X increases by 172%). Linear-mixed effects models were run to examine variation in estimates for size at hatching and growth rates among the samples (lme function from the nlme package [12] in R). Treatment, sex, laying order and clutch size (single or multiple egg) were used as fixed effects, along with parental morphological measures to control for genetic variation. A twofactor ANOVA (aov function from the stats package in R) was used to analyse weight at nutritional independence. figure 1b) . In contrast, within grand-offspring derived from the CORT-treated group, the primary sex ratio was 14 males: 9 females, and there was a non-significant change in offspring sex ratio at the secondary stage (9 : 9). By the tertiary life stage, the proportion of males within stressed clutches was significantly reduced in comparison with the primary sex ratio (6 : 9; table 1 and figure 1b) . This may be owing to differential post-hatching mortality (three males from the experimental group, and one female from the control group; figure 1b), though an analysis of survival from hatching to nutritional independence showed no significant difference between sexes (GLMM; z ¼ 20.969, p ¼ 0.33). Similarly, survival to independence was unaffected by clutch size Table 1 . Results from a GLMM showing the difference in offspring sex ratio (i.e. the proportion of males in a clutch) between clutches derived from stresstreated grandmothers or control at the primary, secondary and tertiary life stages. Italics denote statistically significant results. ( (table 2) , or between chicks descended from treated and control grandmothers (figure 2a-c, respectively and table 2). However, during posthatching development, chicks descended from CORT-treated grandmothers gained weight more rapidly than chicks from the control group (figure 2a and table 2) . By nutritional independence, grand-offspring from CORT-treated grandmothers were significantly heavier than those from the control group (ANOVA; F 1,54 ¼ 5.07, p ¼ 0.02; figure 2d ). There was no significant effect of sex or sex Â treatment (ANOVA; F 1,54 ¼ 1.85, p ¼ 0.18 and F 1,54 ¼ 0.35, p ¼ 0.85, respectively).
Results
b) Growth rates Estimated weight, head size and tarsus length at hatching were not significantly different between the sexes
Discussion
The elevated stress hormones experienced by grandmothers during ovulation [12] did not affect their daughters' reproductive success; however, there was a strong trend for reduced survival of grand-offspring. Offspring from CORTtreated grandmothers showed increased weight gain during post-hatching development, and were significantly heavier than their control group counterparts by nutritional independence. The greater weight gain (in the absence of structural size difference) seen here may be a product of an altered metabolism [13] , or increased food intake, possibly as a result of intensified begging [14, 15] . Additionally, clutches derived from CORT-treated grandmothers were female-biased at nutritional independence, and this sex ratio bias may be explained by differential investment into the less costly sex to enhance their own or their offspring's survival. Our earlier study showed that the birds from CORT-treated mothers were small at hatching, and then displayed compensatory growth [10] ; this is known to be costly in terms of increased physiological maintenance, resulting in reproductive trade-offs and reduced lifespan [16, 17] . As mothers, the heavy investment in accelerated postnatal growth, in combination with the additional energy expenditure associated with chick rearing, appears to have resulted in a reproductive trade-off, i.e. sex-biased offspring mortality. The differential investment into daughters may be explained adaptively by zebra finches being monogamous with low extra-pair paternity [18] , thus offspring production is limited by the fecundity of the female. Consequently, parents receive greater fitness returns by producing high-quality daughters who are able to produce more grand-offspring. Interestingly, zebra finches display sex-specific begging behaviour [19] , providing a mechanism for differential investment in the sexes and selective rejection by parents.
Transgenerational effects on offspring sex ratio in response to corticosteroids have not been recorded before in birds, although a recent study in mice found that exposure to dexamethasone (a corticosteroid that supresses CORT) during early embryonic development affected offspring sex allocation in the subsequent generation [8] . These results show that a relatively short duration of elevated maternal CORT has lasting effects beyond a single generation, and provides insights into the endocrinological background contributing to variability in animal populations. Further research should focus on identifying the mechanisms that drive the transgenerational effects of hormones, with an emphasis on the consequences of these effects and their ecological importance. rsbl.royalsocietypublishing.org Biol. Lett. 12: 20160627
